This study was carried out in 2012 at Stornarella (Italy; 41° 15'29" N; 15° 43'56" E; 154 m a.s.l.). We investigated the effects of reuse of secondary treated agro-industrial wastewater for irrigation, in comparison with conventional groundwater, and we monitored soil chemical characteristics and fungal populations during the crop cycle of processing tomato (Solanum lycopersicum L.). Compared to the groundwater, the wastewater had significantly higher electrical conductivity, total suspended solids, sodium, calcium, magnesium, potassium, sodium adsorption ratio, chemical oxygen demand, biological oxygen demand over five days, ammoniumnitrogen, phenols, bicarbonates, phosphates, sulphates and chlorides. Most of these parameters were significantly greater also in the wastewater-irrigated soil. During the tomato crop cycle, there were significant shifts in the structure of the soil microfungal community. Saprophytic species increased in the wastewater-treated soil, while phytopathogens such as Fusarium oxysporum progressively decreased. More investigations into the mechanisms by which wastewater acts on disease suppression is needed to make the use of such wastewaters more predictable. The irrigation water source did not significantly affect the qualitative traits of the crop yield. For both irrigation treatments, the most important qualitative parameters that characterized the processing tomato fruit (i.e., dry matter content, pH, soluble solid content, colour parameters) were in agreement with reports in the literature.
Introduction
Interest in wastewater reuse is constantly developing, and in Europe, Article 13 of Directive 91/271/EEC stipulates that, "The treated wastewater must be reused whenever this is appropriate". This results from the growing demand for non-conventional water resources for irrigation that currently involves all European countries at various levels. Indeed, the importance of treated wastewater reuse for irrigation justifies the large number of studies carried out to analyse this issue, especially in arid regions like the several water-short areas of southern Italy (Lopez et al., 2006) .
In the Apulia Region (south-eastern Italy), there are numerous agro-industries where the activities are related to the processing of vegetable products, and these release large quantities of wastewater. The costs of disposal of this wastewater can be reduced and the environmental impact minimised through its reuse in agriculture. This is a practice that is considered to be innovative, and also an advantageous alternative towards better use of water resources. Furthermore, in these areas, intensive agricultural systems are widespread, such as for horticulture, and crop rotation is not easy to implement because in some cases it requires heavy changes for technical and economic
reasons.
With time, the use of intensive agricultural systems can lead to the development of soil-borne plant pathogens. A practice that is relatively widespread in the horticultural sector is disinfection of the soil with steam or with fumigants. While this generally provides effective results, this method has some disadvantages, among which there is the total loss of biodiversity of soil microorganisms, including those that can fight off pathogens naturally (Garibaldi and Gullino, 1994) . In addition, the ban on the use of the most effective fumigant used worldwide for soil disinfestations, methyl bromide, has further increased the need for alternative control methods and numerous plant protection measures for cultivated species.
The use of wastewater can have effects on the chemical and microbiological characteristics of the soil (Meli et al., 2002) . The inorganic nutrients present in recycled water can make it potentially useable as a fertiliser source. Also, the chemical characteristics of recycled water, such as pH, salinity, total suspended solids (TSS) and phenolic content, can have direct repressive activities against pathogenic microorganisms, or can indirectly affect the structure of the soil microbial community (Marsilio et al., 2001) . Furthermore, when the high content of organic matter in wastewater (compared with that of fresh water) decomposes in the soil, this can increase the population of saprophytic fungi, some of which can act as antagonists of soil-borne plant pathogens, such as Tricoderma spp., Penicillium spp. and Aspergillus spp. . In this sense, the use of treated agro-industrial wastewater can provide a great contribution to agriculture as well as to environmental recovery.
On the other hand, the use of wastewater in agriculture is often associated with significant health risk, because of high concentrations of human pathogens that are enteric in origin, such as bacteria, viruses, protozoa and helminths. Many studies have analysed this issue to attempt to dispel the doubts about the use of alternative water resources in agriculture, and to provide the legislator with useful scientific knowledge about wastewater reuse (Rubino et al., 2008; Vivaldi et al. 2013) .
In this regard, the microbial characteristics of secondary treated wastewater used in the experimental trial reported here have been discussed elsewhere, which included Escherichia coli, Enterococci and Salmonella (Gatta et al., 2015) . We reported that in treated agro-industrial effluent, from reduced fraction from domestic wastewater, the microbiological analysis showed low levels of these microorganisms, and the soils and plants irrigated with this wastewater were not contaminated with any bacterial indicators that are generally associated with human health risks.
The present study was carried out with the collaboration of agronomists and plant pathologists, and it was aimed at an evaluation of the effects of irrigation with secondary treated agro-industrial wastewater on the chemical and microbial characteristics in comparison with conventional groundwater, including the fungal populations of the soil during the processing tomato crop cycle.
Materials and Methods

Site description and experimental layout
The study was carried out in open field during spring to summer of 2012, at Stornarella (Apulia Region, southern Italy), which is an agricultural area that is characterised by numerous agro-industries that are specialised in processing of vegetable products.
In the experimental field, the effects of two types of irrigation water on the soil chemical characteristics and fungal populations during the processing tomato crop cycle were compared: conventional groundwater and secondary-treated agro-industrial wastewater. The groundwater was pumped from a phreatic well that is normally used by local farmers for crop irrigation, and which was located near the experimental field. The wastewater used originated from the treatment plant of the Fiordelisi company, an agro-industrial firm that is well known for its industrial processing plant for vegetables (dried tomatoes, eggplants, courgettes and peppers, preserved in oil was covered with an anti-hail net. This system used nylon threads positioned between the plant collar and iron wires that were arranged longitudinally in the direction of the plant rows, and were fixed to the upper part of the net house, at 2.5 m from the ground.
For each irrigation treatment, the plants were irrigated whenever the soil water deficit in the effective root zone (0-50 cm in depth) was 40% of the total available soil water (Allen et al., 1998) . This irrigation limit was assessed by continuous monitoring of the volumetric soil water content, which was carried out using probes that operated in the frequency domain, using frequency domain refractometry. These were placed at 20 cm, 30 cm and 40 cm in depth, and were installed in each plot prior to transplanting the crop.
At each irrigation, the soil water content of each plot was increased to field capacity. 
Climate
The climate of the area where the trial was carried out T min , T max , monthly minimum, maximum air temperature; RH min , RH max , monthly minimum, maximum relative air humidity; P, total precipitation; Ws, monthly mean wind speed; E v , Total "class A" pan-evaporation
Water sampling and analysis
Irrigation water samples of the groundwater and wastewater were collected and analysed in triplicate at monthly intervals on five dates (28 May, 13 June, (30-cm layer). All of these samples were collected in the areas wetted by the drippers, using a soil auger.
Soil sampling and analysis
The soil samples were air dried and passed through a 2-mm sieve, and then the chemical properties were determined. Soil subsamples from each depth were analysed for pH, Na and organic matter (OM). EC and pH were measured in 1:2 (w/v) and 1:2.5 (w/v) aqueous soil extracts, respectively. P 2 O 5 was determined using the sodium bicarbonate method (Olsen et al., 1954 Keeney and Nelson (1982) .
Fungal analysis of the soil was carried out according to standard methods (Allievi and Quaroni, 2002) . In particular, each subsample of soil was finely crushed and left to dry in the air, and then an aliquot of 10 g was taken and kept in suspension (by vigorous stirring for 5 min) in 90 ml sterile distilled water. This suspension was taken through decimal dilutions (1:100, 1:1000 and 1:10,000), from which aliquots of 0.1 ml were spread in Petri dishes containing agar potato sucrose supplemented with 500 ppm streptomycin sulphate, and modified pentachloronitrobenzene medium (Papavizas, 1967) . After 5 days and 10 days of incubation at 23 ±2 °C, the resulting fungal colonies were counted. These fungal colonies were purified for identification and morphological characterisation. The densities of the colonies are expressed as CFU g -1 dry soil.
Tomato fruit sampling and analysis
At each harvest, only the ripe fruit were picked. Then the marketable yield (Mg ha -1 ) and the marketable fruit per plant (kg plant -1 ) were determined. Also, on a sample of 10 marketable fruit from each plot, the following parameters were measured: mean diameter of fruit (cm), dry matter (% fresh weight), colour index, pH, fresh tomato soluble solids content (°Brix), and NO 3 -N (mg 100 g -1 fresh weight). In addition, fungal analysis was carried out, and the colony densities of were expressed as CFU g -1 fresh weight.
Statistical analysis
All of the data were processed statistically using analysis of variance (ANOVA), followed by T-tests or Tukey's tests when significant effects were detected (P ≤0.05). Data are expressed as means ±standard error. 
Results
Chemical characteristics of the groundwater and wastewater
Soil chemical properties
The effects of the two types of irrigation water (i.e., groundwater, wastewater) on the soil chemical properties from the analyses of the samples collected at a 30-cm depth are given in Table 4 .
In agreement with the characteristics of the irrigation water applied, compared with the soil watered with groundwater, the soil of the plots watered with the wastewater had significantly higher levels of Na + , EC, SAR and NH 4 -N. For the soil pH, no significant differences were seen between these irrigation treatments. The mean soil pH during the tomato crop cycle in both of the water treatments increased slightly (pH 8.18) with respect to the initial value (pH 7.9), probably due to the accumulation in the soil of basic cations due to the fertilising. ) was similar to that at the beginning of the experiment (0.49 dS m -1 ), while the highly significant increase in the EC with the wastewater (1.05 dS m -1 ) appears to be due to the higher concentration of salts in the wastewater.
Considering that the NO 3 -N levels were higher in the groundwater than the wastewater, the soil irrigated with the groundwater would be expected to have higher NO 3 -N than that irrigated with the wastewater.
Instead, the levels of NO 3 -N in the irrigated soils were slightly higher for the wastewater than the groundwater treatment. This might be due to the water movement pattern along the soil profile, which However, the wastewater-irrigated soil showed higher BOD, COD and TSS, and no differences of the mean soil OM levels were noted between the treatments.
The increase in OM was probable temporary, as this is rapidly mineralised through the abundant microbial activity on the OM supplied by the wastewater (Di Serio et al., 2008) . Agro-industrial wastewater on tomato crop
Effects of groundwater and wastewater on soilborne fungi
The data from the soil analysis of the soil-borne fungi
show that the total fungal CFU detected in the soil samples taken at the two soil depths (15 and Figure   1 . The fungal counts basically increased for the wastewater irrigation treatment during the trial period, while in the plot irrigated with the groundwater, these remained more or less constant.
In particular, there were significant differences between the irrigation treatments on the samples of the last period of the tomato cycle. Indeed, the The data for the effects of the irrigation treatments on the mycoflora composition of the soil during the trial are given in Data are means ±standard errors (n = 3). Only those fungi found for each sampling are indicated 
progressively Agro-industrial wastewater on tomato crop
Indeed, the levels of dead plants collected on 28 May, 2013, was higher with the groundwater irrigation (8.3% ±0.5%) than with the wastewater irrigation (2.4% ±0.4%). Table 6 shows the fungal isolation from the tomato plants obtained for two dates during the crop cycle.
Microbiological analysis and productive characteristics of the tomato fruit
These indicated the presence of Fusarium spp.
from roots and stems of tomato plants under both treatments at the sampling of 17 July, while at the sampling of 9 September they were absent for the wastewater treatment. ). (Lopez et al., 2006) . With regard to the constant presence of fertilisers in the wastewater, such as for phosphorus and potassium, their supply with the irrigation is favourable for plant nutrition.
In agreement with the characteristics of the irrigation water applied, compared with the soil watered with groundwater, the soil of the plots watered with the wastewater had significantly higher levels of Na still remained below the salinity threshold (4.00 dS m -1 ) (Giardini, 1992) . The significant increase in the SAR in the wastewater-irrigated soil was probably due
to Na + accumulation in the root zone, and to reduced water infiltration rate, which negatively affects the Na + transport to the deeper layers (Bedbabis et al., 2014) . However, all of the measured SARs were significantly below the limit for a soil to be considered sodic (SAR 15).
Albeit that they were slightly higher, the values of
, Mg 2+ and PO 4 -P in the soil irrigated with wastewater would suggest that there were fertilising effects, as has been indicated in prevision studies in field experiments using solid waste or irrigation with treated wastewaters (Mojid et al., 2012; Chrysargyris and Tzortzakis, 2015) .
With regard to the effects on soil-borne fungi, there was a significant increase in the total microbial biomass in the wastewater-irrigated soil. This increase appears to be related to the higher TSS and phenols in the irrigation wastewater compared to the groundwater. The readily available carbon of the wastewater treatment is an important substrate
for stimulation of the development of microflora, and especially of fungi. With regard to this, in other studies carried out on the use of olive-mill wastewater that is characterised by high contents of OM and phenols, an increasing microbial biomass was also observed in the soil (Di Serio et al., 2008; Saadi et al., 2007) . Indeed, changes have been found in soil bacterial and fungal communities in such treated soils (Tardioli et al., 1977) .
During the tomato crop cycle, the composition of the mycoflora of the soil was different between the two irrigation treatments. In particular, the load of One of the different mechanisms by which the soil exerts a suppressive action on different pathogens is through mycoparasitism, which occurs when one fungus is in intimate association with another fungus from which it derives some or all of its nutrients, while conferring no benefit in return. In particular, most published studies on mycoparasitism refer to Trichoderma spp., as these can attack a great variety of phytopathogenic fungi that are responsible for important diseases suffered by crops that are of major economic importance worldwide (Herrera Estrella et al., 1990) .
Several studies have reported tight correlations between the natural suppressive capacity of the soil, the level of microbial populations, and the OM content (Erhart et al., 1999; According to a previous report (Abawi and Widmer, 2000) , wastewater used for irrigation can also affect the microbial diversity in the soil, including the relationships among the different species in terms of suppression of plant pathogens such as F. oxysporum, which is responsible for plant vascular diseases.
High TSS over the long term and high irrigation volumes of wastewater during the tomato cycle might impact upon the soil mycoflora through temporary enrichment of the soil with readily available carbon sources, which will be rapidly degraded by the soil microorganisms.
Conclusions
The data from the present study show the effects of Based on previous studies and on our data in the present study we suggest that the effects on the soil chemical properties and its interactions with the fungal biocoenoses through long-term irrigation with agroindustrial wastewater should be further investigated.
